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Elevation of the calcium concentration in keratinocyte cul-
ture induces the rapid organization of adherens junctions and 
desmosomes. Formation of these intercellular junctions is 
accompanied by reorganization of the cytoskeleton and, with 
a more delayed timecourse, stratification of the culture into a 
multilayered epithelial cell sheet. Keratinocytes express two 
cadherins, known as E- and P-cadherin, which are the cell-
cell adhesion molecules of the adherens junction. Antibody 
that blocks E-cadherin function delays the calcium-induced 
formation of both adherens junctions and desmosomes and 
C ell-cell adhesion in keratinocytes involves numerous molecules that are organized into distinct structures in a process regulated by calcium ion concentration. In low-calcium (i.e., 30 IlM) medium, keratinocytes grow as a monolayer and do not exhibit adherens 
junctions or desmosomes; however, elevation of the calcium con-
centration induces the rapid formation of both of these intercellular 
junctions and subsequently initiates stratification [1- 5]. Rearrange-
ment of the actin and intermediate filament cytoskeletal elements is 
temporally and spatially associated with intercellular junction for-
mation [6]. 
Indicative of the organization of intercellular junctions, a redis-
tribution of protein components of the desmosome and adherens 
junction is observed upon calcium elevation. At low-calcium con-
centration, these markers are diffusely distributed, but they rapidly 
localize along the cell-cell borders when calcium is elevated 
[1,7,8,9]. An early study by Gumbiner et al demonstrated that the 
formation of junctional complexes in polarized epithelial cells is 
regulated by E-cadherin [8]. In this study, antibodies against E-cad-
herin prevented the assembly of adherens junctions, desmosomes, 
and tight junctions.] unctional complexes formed only after E-cad-
herin reappeared at the cell surface. 
We have previously shown, in the keratinocyte, that in the pres-
ence of antibody that blocks E-cadherin function the calcium-
induced redistribution of adhesion-related markers is delayed by 
several hours, indicating that E-cadherin is an important regulatory 
molecule in the organization of both desmosomes and adherens 
junctions [9]. The previous study also showed that the markers for 
adherens junctions and desmosomes eventually do redistribute to 
the cell-cell borders upon an extended incubation in calcium in the 
continued presence of anti-E-cadherin antibodies. Not only do 
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leads to an abnormally stratified culture. In the present study, 
we show that anti - E-cadherin plus anti - P-cadherin anti-
bodies inhibit the formation of adherens junctions and des-
mosomes, prevent reorganization of the cytoskeleton, and 
block stratification. These studies indicate that cadherin 
function is required for the calcium-induced intercellular 
junction organization and stratification of human keratino-
cytes in vitro. Key words: keratinocyte/E-cadherin/P-cadherin/ 
adhesion. ] Invest Dermatol1 02:870- 877, 1994 
desmosomes form in these cultures, but the cells are also capable of 
stratification (albeit somewhat distorted). These results suggest the 
existence of an alternative mechanism for the initiation of intercel-
lular junction organization. Because keratinocytes express two cad-
herins (E- and P-cadherin [10]) we hypothesize that this alternative 
mechanism may involve P-cadherin. 
In the present study we show that when both E-cadherin and 
P-cadherin activities are blocked in primary keratinocyte cultures, 
markers for adherens junctions and desmosomes do not redistribute 
to cell-cell borders even after a 2-d incubation in 1 mM calcium. In 
addition, the process of stratification is completely blocked after 
elevation of calcium to 1 mM. 
MATERIALS AND METHODS. 
Cell Culture Human keratinocytes from neonatal foreskin were propa-
gated in MCDB 153 medium (Sigma Chemical Co., St. Louis, MO) with 30 
/Lm calcium with the following additives: bovine pituitary extract (pituitar-
Ies were from Pelfreez Biological, Rogers, AK), insulin, hydrocortisone 
(Sigma C hemical Co.), epidermal growth factor (Collaborative Research, 
Bed~ord, .MA), and high amino acids, as previously described [9,11,12]; this 
medIUm IS referred to as "complete medium." Cultures were used between 
the first and third passages. Cells were routinely plated at a density of 
5 X 105 cells in CorningT-25 dishes incomplete medium. The medium was 
replaced every other day and cells were passed when almost confluent. Por 
antibody blocking studies, cells were grown on glass coverslips in Corning 
24-well dishes. Cells were plated at a density of 2.5 X 105 cells in 1 ml 
complete medium per well. When the cells were almost confluent, the 
medium was removed and 300 Jil of the appropriate antibody in complete 
medium was added. The human choriocarcinoma epithelial cell line, JAR 
PR497 OAR), was cultured as described [13]. The human epidermoid carci-
noma cell line A-431 was obtained from American Type Culture Collection 
(Rockville, MD) and maintained in Dulbecco's modified Eagle's medium, 
10% feta l bovine serum as previousl y described [14]. 
Fluorescein Labeling of Antibodies Rabbit polyclonal antiserum 
against desmoplakin was a gift of Dr. Kathleen Green (Northwestern Uni-
versity) and rabbit polyclonal antiserum against a-catenin was a gift of Drs. 
Barry Gumbiner and Pierre McCrea (Sloan-Kettering). For labeling of anti-
bodies, 12 Jig of carboxylfluoresceinsuccinimidyl ester (Molecular Probes, 
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Inc., Eugene, OR), disso lved in anhydrous dimethylsulfoxide (Aldrich, Mil-
waukee, WI), was added to 100 J.Lg of protein A-purified immunoglobulin 
(Ig)G resuspended in 0.15 M NaHCO, buffer (pH 8.3) and mixed for 1 hat 
25 ° C . The reaction was stopped by the addition of 1.5 M hydroxylamine 
(pH 8 .0) to a final co?centration of 0.15 M and mixed for an a~ditional 30 
m in. Conjugated antIbody was separated from unreacted labelmg reagent 
and h ydroxylamine using Sephadex G-25 gel fi ltration. 
Antibody Production Production of rabbit polyclonal antiserum against 
human E-cadherin has been previously described [13]. Mouse monoclonal 
antibody 6A9 was made against a 72-kilodalton (kDa) P-cadherin fragment 
from A-431 cells obtained according to Shimoyama et al [t 5] with several 
modifications. Briefly, A-431 cells were homogenized in 10 mM Tris-HCI 
(pH 8.5) containing 5 J.LM E-64 (Sigma Chemical Co.) and 2 mM CaCI2 • 
The homogenates were centrifuged at 15,000 X g for 45 min and the pellets 
resuspended in 10 mM Hepes (pH 8.5) containing 0.15 M NaCI, 2 mM 
CaCI2 , and 5 J.LM E-64. Cell-culture-grade trypsin (ICN Biomedicals, 
Costa Mesa, CAl was added to a final concentration of 0.01 %. Trypsiniza-
tion was carried outat 37"C for 1 h and was stopped by the additionof2 mM 
phenylmethylsulfonylfluoride (Sigma Chemical Co.). After centrifugation 
at 15,000 X g for 45 min, the 80-kDa E-cadherin fragment was removed 
from the supernatant by affinity chromatography on an anti -E-cadherin 
affinity column. The resulting sample was lyophilized and the residue was 
resuspended in distilled H 20 for injection. The presence of a P-cadherin 
frag ment in this suspension was verified by immunoblots using a rabbit 
polyclonal antiserum made against a P-cadherin/ maltose-binding protein 
fusion protein [14]. The absence of the E-cadherin fragment in the suspen-
sion was verified by immunoblots with a previously described monoclonal 
anti-E-cadherin [13]. The suspension was mixed 1 : 1 with Freund's com-
plete adjuvant (Gibco Laboratories, Grand Island, NY) and injected subcuta-
neously into BALB/c mice. This was followed by six intraperitoneal injec-
tions at 2-week intervals of the trypsinized fragment resuspended in distilled 
H 20. Two weeks after the last boost, the trypsinized fragment was injected 
for 3 d in a row; on the fourth day mice were killed and spleens were 
removed for hybridoma production according to procedures described pre-
viously [13,14]. Hybridomas were assayed by immunofluorescence 011 
A-431 cells; those hybridomas showing cell-border immunofluorescence 
wer e then analyzed for their ability to immunoblot and immunoprecipitate 
P-cadherin in A-431 cell extracts. An ascites preparation of the 6A9 antibody 
was m ade according to the method of Harlow and Lane [16]. 
Inununoprecipitation A-431 cells were metabolically labeled with 
,s5-methionine, washed three times with phosphate-buffered saline (PBS) at 
room temperature, and extracted at O·C with 2 ml per 75-cm2 flask of 10 
mM Tris acetate (pH 8.0),0.5% Nonidet P40 (BDH Chemicals Ltd, Poole, 
England), and 1 mM ethylenediamine tetraacetic acid (EDTA) saturated 
with phenylmethylsulfonylfluoride. The cells were then scraped off the 
flask and resuspended in this buffer fo llowed by vigorous agitation for 30 
min on ice. Insoluble material was removed by centrifugation at 15,000 X g 
for 45 min. P-cadherin was immunoprecipitated as previously described 
[14] . Briefly, Nonidet P-40 extracts of cells were adjusted to 0.25 M NaCI 
and 0.3% bovine serum albumin (BSA); 100 J.tI of extract was mixed with 50 
J.Ll 5epharose 4B (Pharmacia, Piscataway. NJ) at 4·C for 30 min. The super-
natant was separated from the sepharose by brief centrifugation and added to 
500 J.LI monoclonal anti-P-cadherin (6A9) hybridoma supernatant at 4°C. 
After 1 h, anti-mouse IgG-Sepharose (Organon Technica-Cappel, Durham, 
N C) was added and mixing continued for an additional 30 min. The Sephar-
ose-bound immune complexes were washed five times with 50 mM Tris-
HCl (pH 7.5), 0.5% Nonidet P-40, and 1 mM EDTA. Finally, the pellets of 
Sepharose-bound immune complexes were boiled in Laemmli sample buffer 
and resolved on a 7% polyacrylamide gel as described below.14C-labeled 
molecular mass markers (Gibco Laboratories) included myosin (205 kDa), 
phosphorylase b (97 kDa), BSA (66 kDa), ovalbumin (43 kDa), and carbonic 
anhydrase (30 kDa). The gels were enhanced (EN' HANCE, New England 
Nuclear, Boston, MA), dried, and auto radiographed with Kodak X-Omat 
AR film at -70· C. 
Irnmunoblotting Polyacrylamide slab gel electrophoresis in the presence 
of sodium dodecyl sulfate was done according to the procedure of Laemmli 
[17] using a 7% resolving gel and a 3.5% stacking gel. Materials were from 
Bio-Rad (Richmond, CAl. Molecular mass markers included myosin (205 
kD a), p-galactosidase (116 kDa), phosphorylase b (97 kDa), BSA (66 kDa), 
ovalbumin (43 kDa), and carbonic anhydrase (30 kDa). Resolved proteins in 
cell extracts were transferred electrophorectically to nitrocellulose as de-
scribed [13]. The nitrocellulose was blocked with 4% BSA. P-cadherin was 
detected by the monoclonal antibody 6A9, followed by alkaline phospha-
tase-conjugated anti-mouse IgG (Promega, Madison, WI) and nitroblue 
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate substrates. 
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Figure 1. Characterization of monoclonal antibody 6A9. A) Immunoblot-
t1l1g: A431 cell extract (lane 1) or JAR cell extract (latJe 2) was resolved on a 
7% polyacrylamide gel and inununoblotted with anti - P-cadherin followed 
by alkaline phosphatase-conjugated secondary antibody and substrate. Lane 1 
(A431 cells), unmunoreactivity with a band at 116 kDa that is not present in 
lane 2 (JAR cells). B) Immunoprecipitation: A431 cells were metabolically 
labeled w.ith J5S-I~1ethionine, extracted, and immunoprecipitated with anti-
P-cadhe:1I1. The nnmunoprecipitated proteins were resolved on a 7% poly-
acrylanude gel, enhanced, and fluorographed. P-cadherin is pointed out by 
an arrow and the catenms are indicated by asterisks. Molecular weight stan-
dards at 116 and 97 kDa are indicated. 
Antibody Blocking. Protein A-purified IgG of the previously described 
polyclonal rabbIt antl -E-cadherin [13] and the 6A9 monoclonal anti - P-
cadherin ascites were diluted to 20 J.Lg/ml and 2.3 J.Lg/ml respectively, in 
co.mplete M~DB 153 containing 30 J.LM calcium. After a 2-h incubation 
WIth the antIbodIes the calcium concentration was elevated to 1 mM and 
incubation was continued for the indicated length of time. For long-term 
expenment~ ~he IgG was replenished every 24 h with new complete me-
dIUm contalrung 1 mM calcium and antibody. 
Immunofiuorescence Keratinocytes were plated in complete medium 
on glass covershps and grown until almost confluent. Calcium was elevated 
in the indicated coverslips to 1 mM for the indicated length of time. Cells 
~ere fi~ed in 1 % paraformaldehyde buffered with Hanks balanced salt solu-
tion (GI~CO Laboratories) and 10 mM Hepes (Sigma Chemical Co.) and then 
permeablhzed and blocked by incubating in PBS containing 10% goat 
serum, 0.1 M glyc1l1e, and 0.05% saponin . Coverslips were then stained with 
th.e fluorescel~-labeled primary antibodies for 1 h or, for actin visualization, 
WIth rhodammc-conjugated phalloidin, diluted as recommended by the 
manufacturer (Molecular Probe). 
Preparation of Cross Sections Keratinocytes were grown on Falcon 
cyc~o~ore fi lters 111 24-well plates in com pi etc medium with 30 J.LM calcium 
unt.llJust confl?ent. Antibodies (rabbit anti -E-cadherin IgG and/or mouse 
antt-P-cadhenn IgG) were then added to both the top and bottom 
chambers; after a 6-h preincubation, calcium was elevated to 1.0 mM and 
incubation continued for 2-4 d. Fresh antibody was added daily. For har-
vest, cultures were washed in PBS, fixed with 2% glutaraldehyde in 0.13 M 
cacodylate buffer for 2 h at 4· C, incubated in 2% OsO. for 2 h at room 
temper~ture, dehydrated, and embedded in Epon. Sections (1 /1m) were cut 
and stamed with toluidine blue. 
RESULTS 
Characterization of Anti-P-Cadherin The monoclonal anti-
body 6A9 was analyzed for its ability to bind P-cadherin in immu-
noblott.ing and immunoprecipitation assays. Figure lA shows that 
the antibody bound a protein at 116 kDa in extracts of A-431 cells 
(which express both P-cadherin and E-cadherin [14,15]; lane 1), but 
did ~ot show binding to any bands in similar extracts of JAR chorio-
carcmoma cells (which express E- but not P-cadherin [14]; lane 2). 
The band recognized by 6A9 in keratinocytes co-migrated with the 
116-kDa band in A-431 cells (no t shown). In addition, this antibody 
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Figure 2. Antibodies against E-cadherin plus P-cadherin prevent cell-cell adhesion in keratinocytes. Normal rabbit IgG (A-C) or polyclonal rabbit 
anti - E-cadherin IgG plus monoclonal anti -P-cadherin IgG (D-F) were added to nearly confluent keratinocytc cultures in complete medium with 30 p.M 
calcium for 2 h. In the wells, as indicated, calcium concentration was either maintained at 30 JIM (A, D) or elevated to 1.0 mM (without changing the 
medium) for 4' h (B, E) or overnight (C, F). Bar, 50 Jim. 
did not bind to any other bands in A-431 or keratinocytes, indicat-
ing that it was specific for P-cadherin. Figure 1B shows that 6A9 
immunoprecipitated a band at 116 kDa, along with three bands 
whose sizes are consistent with those of the catenins (a-catenin at 
102 kDa, p-catenin at 95 kDa and y-catenin at 82 kDa). When this 
immunoprecipitation reaction was immunoblotted with a previ-
ously described rabbit anti-P-cadherin antibody [14] the band at 
116 kDa was shown to be P-cadherin (data not shown) . In addition, 
immunoblots of 6A9 immunoprecipitation reactions with anti-
catenin antibodies identified the additional three bands pointed out 
in Fig 1B as authentic catenins. The 6A9 antibody was also shown to 
have inhibitory activity, i.e., it disrupted P-cadherin-mediated 
cell-cell adhesion. When A-431 cells, in medium containing 1.8 
mM calcium, were incubated in the presence of anti - E-cadherin 
plus the 6A9 anti-P-cadherin antibody, cell-cell interactions were 
disrupted (not shown). Neither antibody alone was capable of 
disrupting cell-cell interactions but the combination of the two 
anti-cadherin antibodies induced obvious cell-cell separation typical 
of the morphology observed when cadherin-mediated cell-cell ad-
hesion is blocked in epithelial cells [13] . A-431 cells displayed a 
similar morphologic change when calcium was removed from the 
medium (not shown), as expected, because cad herin-mediated cell-
cell adhesion is calcium dependent. 
Effect of Anti-E-Cadherin Plus Anti-P-Cadherin Antibod-
ies on Keratinocyte Morphology At 30 ,uM calcium, keratino-
cytes in culture appeared rounded and well spread but remained as 
separate entities with no appreciable cell-cell interactions. Elevation 
of the calcium concentration led to a dramatic change in keratino-
cyte morphology, as the cells flattened into an epithelial-like sheet 
with close cell-cell connections (compare A and B, Fig 2). As previ-
ously described, E-cadherin antibodies delayed this calcium-
induced morphologic change by several hours, consistent with their 
effect on intercellular junction organization [9]. Antibodies to 
P-cadherin had no effect on keratinocyte morphology. However, 
the concurrent addition of anti-E-cadherin plus anti-P-cadherin 
antibodies £revented the calcium-induced morphologic change in-
definitely (Fig 2, D-F); in the presence of both these antibodies, 
cultures in high calcium remained similar in appearance to low-cal-
cium cultures, revealing no cell-cell interactions. Cultures have 
been examined up to 48 h after calcium elevation and, in the pres-
ence of anti-E-cadherin plus anti-P-cadherin antibodies, still 
showed no characteristic calcium-induced morphologic change. 
The combination of these two antibodies was not toxic to the cells; 
when cells were incubated overnight in anti-E- plus anti-
P-cadherin IGgs, the antibody washed away and the calcium level 
raised to 1 mM, the cells responded normally to calcium by forming 
close cell-cell contacts within a few hours. These results suggest that 
when antibodies to the two cadherins are added concurrently, cal-
cium-induced cell-cell interactions are dramatically curtailed. 
Keratinocytes Require Either E- or P-Cadherin for Organi-
zation of Adherens Junction Components The effect of anti-
P-cadherin antibody, alone or in combination with anti-
Figure 3. Antibodies against E-cadherin plus P-cadherin inhibit the calcium-induced redistribution of a-catenin. Normal rabbit IgG (A, E, I and M; cont) , 
monoclonal anti- P-cadhcrin IgG (B, F,] , N; P-cad), polyclonal rabbit anti - E-cadherin IgG (C, G, K, 0; E-cad), or both polyclonal rabbit anti-E-cadherin 
IgG and monoclonal anti - P-cadherin (D, H, L, P; E + P) were added to nearly confluent keratinocyte cultures in complete medium with 30 JIM calcium for 
2 h. In the wells, as indicated. calcium concentration was either maintained at 30 JIM (A -D) or elevated to 1.0 mM (without changing the medium) for 1 h 
(E-H), 4 h (I-L), or overnight (M-P). Cells were then fixed and stained with f1uoroscein-Iabeled anti-a-catenin. Bar, 50 p.m. 
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Figure 4. Antibodies against E-cadherin 
plus P-cadherin inhibit the calcium-induced 
reorganization of the cytoskeleton. Normal 
rabbit IgG (A), monoclonal anti-P-cadherin 
IgG (C) , polyclonal rabbit anti-E-cadherin 
IgG (D, F), or both polyclonal rabbit anti-
E-cadherin IgG and monoclonal anti-P-
cadherin IgG (B, E, G, H) were added to 
nearly confluent keratinocyte cultures in 
complete medium with 30)1M calcium for 
2 h. In the wells, as indicated, calcium con-
centration was either maintained at 30)1M 
(A, B) or elevated to 1.0 mM (without 
changing the medium) for 1 h (C-E), 4 h 
(F, G), or overnight (H). Cells were then 
fixed and stained with rhodamine-labeled 
phalloidin. Bar, 50 )1m. 
E-cadherin antibody, on the redistribution of adherens junction 
markers was evaluated. Keratinocytes were preincubated with anti-
bodies prior to elevation of the calcium concentration to 1.0 mM for 
1,4, and 16 h. The localization of (X-catenin, a requisite component 
of the adherens junction, was then determined by immunofluores-
cence staining with fluorescein isothiocyanate (FTTC) -labeled 
rabbit antibody. At low (i.e. , 30 f..I.M) calcium, (X-catenin was distrib-
uted diffusely throughout the cell (Fig 3A -D), as shown previously 
for other components of the adherens junction, including cadher-
ins. In control cells elevation of the calcium to 1.0 mM induced a 
rapid redistribution of (X-catenin to regions of cell contact. This 
redistribution was not altered by antibodies to P-caderin (Fig 3, F,j, 
and N). However, as previously noted for other adhesion molecules, 
the redistribution of (X-catenin was retarded temporally by antibod-
ies to E-cadherin. In the presence of anti-E-cadherin antibodies, 
(X-catenin was still distributed diffusely throughout the cell 1 h after 
elevating calcium; however, after 4 h (X-catenin had redistributed to 
the cell-cell borders (Fig 3, G and K). These results are consistent 
with our previously published data [9]' When both cadherins were 
blocked, the redistribution of (X-catenin was delayed indefinitely. 
Even after an overnight incubation with 1.0 mM calcium in the 
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continued presence of anti-E-cadherin plus anti-P-cadherin anti-
bodies, (X-catenin was not found at the cell-cell borders. Consistent 
with this lack of (X-catenin redistribution, there was virtually no 
cell-cell contact (Fig 2F; Fig 3P). Further incubation for 48 h did 
not result in (X-catenin redistribution or the appearance of continu-
ous cell-cell interactions. The punctate staining of (X-catenin seen in 
the presence of polyclonal anti-E-cadherin IgG (Fig 3 C,D,G,H,K, 
and L) is due to the co-patching of (X-catenin with E-cadherin, a 
phenomenon we have previously published [14]. 
Calcium-Induced Reorganization of Actin Filaments Re-
quires Either E- or P-Cadherin The adherens junction serves 
as a membrane insertion point for actin filaments. When main-
tained at 30 f..I.M calcium, human keratinocytes exhibit a filamentous 
distribution of actin, with stress fibers similar to those seen in fibro-
blasts as well as a ring of peripheral actin. The cells appear to be 
distinct entities with minimal cell-cell interactions. However, 
within 15 min of elevating the calcium concentration to 1 mM, 
when adherens junctions begin to form [9]' a reorganization of actin 
is apparent [6,18]. Short filamentous actin connections appear be-
tween adjacent cells within 1 h. To determine if this microfilament 
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reorganization is strictly dependent on cadherin-mediated adhe-
sion, we performed blocking experiments similar to those described 
above with anti-cadherin antibodies, followed by staining with rho-
damine-phalloidin to detect filamentous actin. 
Figure 4 presents the results of these experiments. As expected, in 
30 J..I.M calcium the cells displayed minimal contact with one an-
other (Fig 4A,B). When P-cadherin alone was blocked, microfila-
ment reorganization occurred normally (Fig 4C). When E-cad-
herin alone was blocked, micro filament reorganization occurred 
much more slowly but eventually did take place. Specifically, in the 
presence of a~ti-.E-cadherin ant~body, the cells e:chi?ited minimal 
actin reorgamzatlon after 1 h (Fig 4D) whereas slgmficant reorga-
nization was evident after 4 h (Fig 4P). These data suggest that the 
reorganization of actin filaments can be mediated by either P- or 
E-cadherin but that, as suggested by our previous studies, E-cad-
herin may play the primary role under normal circumstances. When 
both cadherins were blocked, the actin cytoskeleton was not reorga-
nized even 24-48 h after calcium elevation (Fig 4H). These results 
show that when functional activity of both cadherins is blocked, the 
rnicrofilament cytoskeleton cannot undergo calcium-induced reor-
ganization. Thus the findings with actin and (l'-catenin are consist-
ent and demonstrate that adherens junctions cannot organize in the 
absence of both E- and P-cadherin function. 
Assel11bly of Desmosomes Requires Cad herin-Mediated 
Cell-Cell Contact Adherens junctions and desmosomes are ul-
trastructurally and biochemically distinct structures [19]. Our 
previous studies indicated that initiation of the organization of des-
mosomes was delayed but not prevented in the presence of anti-
E-cadherin antibodies [9]. To determine whether desmosomes 
could organize in the absence of both E- and P-cadherin-mediated 
cell-cell contacts, we blocked both E-cadherin and P-cadherin as 
described above and determined the localization of desmoplakin 
with fluoroscein-labeled rabbit anti-desmoplakin IgG. Redistribu-
tion of desmoplakin to regions of cell-cell contact was evident after 
4 h when the cells were incubated in the presence of normal rabbit 
IgG (Fig SA), anti-P-cadherin IgG (Fig sB), or anti-E-cadherin 
IgG (Fig sC). However, in the presence of both anti- P-cadherin 
and anti -E-cadherin antibodies, desmoplakin redistribution did not 
occur (Fig 5 D,E). Even after an extended period of time (up to at 
least 48 h) desmoplakin did not accumulate at cell-cell borders, 
suggesting that desmosomes will not form without cadherin-
mediated cell-cell contact. 
Stratification Requires Cadherin-Mediated Cell-Cell 
Contact With our previously published results [9], we have 
shown that E-cadherin is required for normal epidermal stratifica-
tion; however, calcium-induced cell-cell contact and reorganiza-
tion, albeit abnormal, of the culture can occur in the absence of 
E-cadherin function. In the present study we have explored the 
functiona l relationship between E- and P-cadherin with regard to 
epidermal stratification. In contrast to E-cadherin, the inhibition of 
P-cadherin function alone did not have any obvious effect on strati-
fication at the light microscope level (Fig 6). Both control and 
anti - P-cadherin antibody-treated cultures showed relatively 
rounded basal cells and several layers of flattened suprabasal cells 
after 2 d in high calcium (compare A and B, Fig 6) . However, when 
both E- and P-cadherins were inhibited, the culture failed to stratify, 
but rather remained largely as a monolayer (Fig 6D ). In some fields, 
large rounded cells were observed apparently in the process ofleav-
ing the basal layer, but they appeared to be only very tenuously 
attached to the underlying layer and showed no flattening. Even 4 d 
after calcium elevation, when control keratinocytes are stratified 
into four or more layers, cultures in the presence of both anti-cad-
herin antibodies remained predominantly in monolayer form (com-
pare E and P, Fig 6). These results demonstrate that cadherin func-
tion is required for epidermal stratification. 
DISCUSSION 
The formation of adherensjunctions and desmosomes, two distinct 
multicomponent structures that mediate cell-cell adhesion, is rap-
idly induced in keratinocyte culture by elevation of calcium con-
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Figure 5. Antibodies against E-cadherin ?lus P-cadherin in.hibit the forma-
tIOn of desmosomes. Normal rabbit IgG (A) , monoclonal antl-P-cadhenn 
IgG JB), ,P0lyclonal rabbit anri-E-cadherin IgG (C), or both polyclona.l 
rabbit antl-E-cadhcrin IgG and monoclonal anti-P-cadherin IgG (D, E) 
were added to n~arly confluent keratinocyte cultures in complete medinm 
With 30,LM calCIUm for 2 h. In the wells, as indicated, calcium concentra-
tion was elevated to 1.0 mM (without changing the medium) for 4 h (A -D) 
or overnight (E). Cells were then fixed and stained with fluoroscein-Iabeled 
anti-desmoplakin. Bar, 50 11m. 
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Figure 6. Antibodies against E-cadherin plus P-cadherin inhibit calcium-induced stratification. Cultures pretreated with no antibodies (A, E), anti-P-
cadherin IgG (B) , anti-E-cadherin IgG (e), or with both antibodies (D, F) were incubated in medium with 1.0 mM ca lcium for 2 d (A-D) or 4 d (E, F). 
Cells were fixed, sectioned, and stained with toluidine blue. A-D) bar, 30 Ilm; E, F) bar, 20 Ilm . 
centration [1- 3,9,18]. Immunofluorescence experiments have 
demonstrated that translocation of specific junctional molecules 
to the cell-cell borders occurs in concert with the formation of 
these structures. We have previously shown that blocking E-cad-
herin activity with antibodies delays the calcium-induced redis-
tribution of adherens junction and desmosome components to the 
cell-cell borders [9]. From these results, we suggested a regula-
tory role for E-cadherin in the organization of cell-cell adhesion 
in the keratinocyte. The eventual recovery by the cells of the 
ability to assemble adherens junctions and desmosomes, even in 
the absence of functional E-cadherin, led us to hypothesize that 
an alternative regulatory mechanism exists for the organization 
of cell-cell adhesion. The finding that, in the presence of anti-
E-cadherin antibodies, P-cadherin is detected at the cell-cell 
borders prior to any of the other adhesion molecules suggested 
that P-cadherin may substitute for E-cadherin with regard to its 
regulatory role. Furthermore, the two cadherins are very homolo-
gous molecules and both have been detected in the adherens junc-
tion. 
In the present study, we have demonstrated that keratinocytes can 
not organize cell-cell interactions when both E- and P-cadherin are 
blocked. In the presence of antibodies to both cadherins, keratino-
cytes in high-calcium medium remain as morphologically distinct 
entities with no cell-cell interactions. Furthermore, no redistribu-
tion of either adherens junction or desmosome components to the 
cell-cell borders is observed even after prolonged incubation in high 
calcium. Actin filaments, which normally insert into the adherens 
junction, likewise do not undergo calcium-induced reorganization 
in the presence of both anti-cadherin antibodies. These results dem-
onstrate that the assembly of both adherens junctions and desmo-
somes is dependent on the presence of at least one functional cad-
herin, and they support our hypothesis that P-cadherin can 
substitute for E-cadherin with regard to regulation of intercellular 
junction organization. 
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Elevation of the calcium concentration induces not only intercel-
lular junction formation, but also reorganization of the culture into 
a stratified structure resembling an epithelial sheet. In vitro as well as 
in vivo, P-cadherin expression is limited to the basal layer; however, 
E-cadherin is found throughout the stratified layers. We have 
shown that when both E- and P-cadherin are blocked, stratification 
does not occur, thus firmly implicating these molecules in the pro-
cess of stratification. When only P-cadherin function is blocked, the 
keratinocytes stratify normally, at least as evaluated by light micros-
copy. This res.ult may reflect ~he fact .that all the stratified kerat~no­
cytes sti l~ retam some ca~herm function because .of the generalized 
distribution of E-cadhenn throughout the stratlfied layers. How-
ever, when E-cadherin function is blocked with inhibitory antibod-
ies, only the basal cells retain cadherin function because basal cells 
but not suprabasal cells express P-cadherin. We hypothesize that the 
very abnormal stratification observed .in the presence of antibodies 
to E-cadherin may reflect regulation of the process by P-cadherin in 
the absence of E-cadherin function . It is of interest to note that, 
although the basal cells appear relatively normal, the suprabasal cells 
observed in the presence of antibodies to E-cadherin are irregular in 
shape and not normally flattened. We speculate that the more dras-
tic effect of anti-E-cadherin antibody on the suprabasal cells com-
pared to the basal cells may result from their lack of expression of 
the other cadherin. 
Our results indicate very strongly that carefully regulated inter-
cellular junction organization is required for normal stratification; 
however, a number of interesting questions arise from our studies on 
the relative role of E- and P-cadherin. For example, it is unclear 
whether stratification is the consequence simply of physical inter-
cellular junction formation, which is mediated through functional 
cadherins, or rather if stratification requires an intracellular signal 
transduction event mediated through the cadherins. These possibil-
ities are obviously not mutually exclusive. It is also of interest to 
consider whether or not keratinocytes can stratify if they produce 
adherens junctions but not desmosomes. To address this question, 
we are presently attempting to generate antibodies that block des-
mosome formation. Cultured keratinocytes continue to provide an 
excellent system with which to study the regulation and role of 
intercellular junction formation in epithelial cells. 
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